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Intuitions About Calculators
‘1
Abstract

Thirty-three novice and 33 expert users predicted what number would be in the
display of a calculator after a sequence of key presses (such as 2 + 3 +). The
performance of each subject on 88 problems was formally described as a 13 line
production system. Conditions were key presses (such as + after a number);
actions were changes in the display or internal registers (such as display the

evaluation of the expression in the register). Llarge individual differences

- were observed. Differences among subjects included when an expiession is eval-

uated and displayed (e.g., after a + key, x key, = ke;, and/or number key),
whether or not the display is incremented when two operation keys were pressed
in sequeni§§(e.g., 2 + + or 2 x x), whether or not the display is incremented
when an equals was pressed after an operation (e.g., 2 + =), what the order of
arithmetic would be in a chain (e.g., 2 + 3 x 7). 'grperts were more consistent
in their performance and tended to be more Iikely than novices to base answers
on standard operating systéms. Implications for developing a theory of com~-

puter literacy were discussed.
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Within the past decade electronic calculators haﬁg‘ﬁééome a part of our
society, including widespread and rapid acceptance in schools (Mullish, 1976).
Based on a survey of articles and editorials published within the past few

years in Arithmetic Teacher and Mathematics Teacher, as well as a policy state-

2
Analysis qf Students' Intuitions About the Operati?n ;f Electronic Calcuators
ment by the National Council of Teachers of Mathematics (1976), it 1is clear
that calculators will play an important role in the education of ;ur children.
For example, the following statements by mathematics educators are typical;
"All students will profit from having access to a calculator” (Gawronski &
[ Coblentz, 1976). "I propose that we make fullest possible use of calculators
[ in all grades of our school" (Hopkins, 1376). '"Not since the printing press
E has any invention had such potential for revoluntionizing education, particu-
E larly mathematics education"” (Rudnick & Krulik, 1976). e
% However, in spite of these optimistic predictions and endorsements, the “
E ) research community has been slow in providing information that might be useful
in this impending calculator-curriculum revolution. For £xample, most experi-
mental studies to date have compared changes in achieveqént and/or att;tudé
scores for students who use calculators in school versus students who wére no*
allowed to use calculators (Gastin, 1975; Roberts & Fabrey, 1978; Roberts &
Glynn, 1979; Schnur & Land, 1976; Suydam, Note 1). 1In a re;ent review of 34
studies, mos* of which were not published in journals, Roberts (1980) observed
that there was clear evidenée that calculators improve computational efficiency

but no concensus concerning effects on higher level conceptual-achievement—or— - -

attitudes towards mathematics. Thus, he concludes that "the research literature

<

o offers no guidance" concerning how to incorporate calculators into school curricula.

‘;
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The ptesent paper does not attempt to address the question of whether cal-
culators 1nflefnce changes 1& mathematics achievement and attitude scores.
Rather, this pabér\;s based on the idea ;hat since czlculators will become a
part of evervday life for students, it is important to know how people come to ’
understand an; interact with calculators. The calculat;r represents a student's
first incroduction to a computer, to a computer language, and to computér 1lit-
eracy in general. Pressing a key is analogous to a.compufer command. In spite
of tremendous breakthroqghs in development of improved calcuiator hardware for
the mass market, there has been comparatively little work on what Shneiderman
(1980) calls "software psychology'. That is to say, we know very little about
how people'understand calculators, what types of instruction will help people
become, creative users of calculators, why some people seem to not\use them very
well, or how to design operating systems that maké psychological sense.

Since calculator useage seems so simple and since even children can teach
themselves to use a calculator 1; a short time, some educators have suggested
that explicit imstruction or concern about users' understanding of calculators
is not needed (Bell, 1976). This might be correct if one's goal is simply to
have students use the calculator as a "black box" that gives answers for mundane
computation. However, when the goal is to promote productive problem solvers,
there is reason to believe that tha2 student's understanding of how the calcu-
lator operates is important. For example, Scandura, Lowere, Veneski & chndura

(1976) found that some students who are left to teach themselves develop bizzare

‘intuitions; for example, some subjects concluded that the plus (+) and equals

- (=) key did nothing since they caused no visible change in the display. On the

other hand, Mayer (1980) found that by letting fourth-graders explore the

functions of the opération;kays some of them discovered that pushing the same

T



—

Iy ‘
Intuitigns About Calculators

- . . 4
operation key more than once would cause the calculators to repeat the process
with the number last entered. Leaving the understanding of the basic functions
of ghe calculator to chance might create as many students w;th incorrect in-
tuitions as correct ones. Thus, although two users may be able to use the
calculator to solve basic computational préblems, there may be large individual
differences in the way users understand and interact with calculators.
Elucidation of individual differences in students' intuitions about the
operation of calculatérs (1.e., students’' conception of what goes .n inside the
"black box" wheh a key is pressedi is the logical first step in building a
theory of cumputer literacy, and is the goal 'of the present study. In par-
ticular,nthis stud addresses two related issues.

" (1) What kndwledge do people have about how calculators work? Since most
users are "self-taught" and seem to be abie to use their calculators, an im- h )
portant issue concerns what they have learned. Since; some intuitions may lead -
to more creative use of calculators and to better transfer to computer languages
(such as programmable calculators or BASIC) .it would be useful to be able to _ ©
describe exactly what people's intuitions are. Reéent réseatch on the cognitive
analysisVof Somputational skill suggests that two children with the same ap-
parent performanée may be using entirely aifferent conceptions of computation.
For.example, Groen & Parkman (1972) have developed cognitive models of addition,
and Woods, Resnick & Groen 21975) have developed models of subtraction. More
recently, Brown & Burton (1975) have developed a BUGGY .program which serves to
diagnose problems in a child's arithmetic procedures by developing a formal
description of the algorithm that the child is using. Successful application of
cognitive analysis tools to the problem of dé;cribing computational skill en-

courages the idea that similar techniques ¢an be used to formalize how students

understand calculator logic.
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(2) What are the differences in intuitions among individuals? For ex-
ample, do "experts" have different intuit.ons than "novices?" In recent studies,
Larkin (1979) and Simon & Simon (1978) have been able to formalize differences
between what experts and noviégs know about solving physics problems. Larkin
(1979) has been able to represent the differences in terms of differences in the
organizatioﬁ and size of productions in a production system. Simila; tech-
;ﬂiques may be applied to representing differences between experts and novices in
the domain of calculator use. ’ :
STUDIES 1 AND 2 ) ‘
The purpose of study 1 was to determine the knowledge that ordinhry users
have concerning the operation of hand-held calculators. In particular, the goal
was to formally describe each subject's conception of the calculispr's operating
system. The purpose of study 2 was to determine whether the formal desériptions
developed in study 1 would also describe the conceptions of people who were more

knowledgeable about operating systems. For purposes of this paper, subjects in

study 1 are labeled "novices" and subjects in study 2 are labeled "experts'. N

Method

Subjects

The subjects in study 1 were 46 college undergraduates recruited from the
subject pools at the University of Pittsburgh and the University of Californis,
Santa Bsrbara.l All subjects participated in order to fulfill a requirement for
their introductory psychology courses. Subjects in study 1 had no previous
experience with computer programming nor with the concept of operating systems.
Thirteen of the 46 subjects in study 1 produced inconsistent performance, so
only dara for the remaining 33 subjects was used for the analyses. Of these 33

subjects there were 16 females and 17 males, and 26 of the subjects owned a
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calculator. The mean age was 18 years, the mean GPA was 3.0, the mean SAT-
Quantitative score was 547, the mean SAT-Verbal score was 491,
The subjects in study(g were 35 college';ndergraduates recruited from a
course in computer programming at the University of California, Santa Barbara.
All subjects ‘had taken at least one previous course in computer programming and
were currently in a course that included study of operating systems. Of thése
35 subjects, one gave inconsistent performance and one failed to follow direc-
tions. The remaining 33 subjects were retained for analysis in this study.
There were 13 females and 20 males, and 32 of the subjects owned a calculator.
A The mean age wds 21 years, the mean GPA was 2.9, the mean SAT-Quantitative score
was 669, and the mean SAT-Verbal score was 552. r
The main Jifference between subjects in study 1 (novices) and study 2
(experts) 1s that all of the experts had formal instruction in computer pro-
gramming and some 1ntr9duction to operating systems while none of che novic;s -
did; the experts were older, t(60) = 2.66, p < .01;/and the experﬁs had higher
SAT-Quantitative scores, t(44) = 4.67, p < ,001. Thus, while the main focus was
on comparing "liberal arts" students who had no formal programming experience to
"engineering" students who had formal training in programming, any ;:;;;;1sons
between the subjects in the two studies muqt be made in light of other dif-
ferences such as age and SAT scores.
Materials 3
The materials in study 1 and study 2 were essentially identical. Materials
consigted of a questionnaire, an instruction sheet, and two two-page problem
sets. . T

The questionnaire was an 8% x 11 inch sheet of paper which asked the
L

subject to‘indicate his or her age, sex, GPA, SAT scores, year in school, major
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in school, experience with computer progfamming, experience with calculators,
and previous mathematics courses. In particular, subjects were asked to in-~
dicate :hether they owned or regularly used a particular calculator, artd if so,
toqgive the name of the model. In addition, subjects were asked to cheék a box
corréspénding to u'} averagelnimber of minutes per week théy used a calculator--
less than 10, 10 to 30, 30 to 60, more than 60.

The instructions for the problems were typed onto an 8% x 1l inch sheet of
paper. Instructions described a typical calcdlat?f and the task.

Each of the two problem sets consisted of 44 probiems typed onto two 8%
x 11 inch sheets of parer with one problem per double-spaced line. Each problem
pfesented a series of key strokes and provided)a blank space for the subject to
indicate what number would be in the display. Each problem contained from one
to seven key strokes and each key stroke was either a singi; digit (2, 3 or 7),
a plus xey (+), a multiply key (x), or an equals key (=). The two problem séts
(Sft A and Set B) provided for a reliability check“since each problem in Set A

corresponded to a problem of the same form in Set B, and both sets presented the

A
'

*

corresponding problems in the same order. Howevegg the specific digits used 16
correspondipg problem were different. For example, problems}2+3¥7 or 2+3x‘or'
24mimta in set A cotrespoqﬁed to 7+3+2 or 7+3x or 7+=tet=, respectively, in Set
B:‘ The‘complete‘list of Set A problems is given in the left side of Table 1.
Procedure j

The procedures were essentially identical 1n:§td&y 1 and study 2 except
that. subjects were run individually in study 1 and were run a3 a group in
study 2.
’ First, each subject filled out the Queétionnaire. Then the instructions -

were presented. Subjects were asked to suppose that they had Just been given a

new standard four-function calculator that worked efficiently, and to suppose

k &
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. ‘ tﬁat they would be usiqg this calcdfator through&ﬁt the session. They were toldn
that fcr each problem, their job was to predict what number would be in the

* display of the calculator after the series qf giy presses (assuming the calcu-
lator was cieared at the beginning of the probleﬁ). Then, one of—the problem
sets was randomly selected and given to the subject; when the subject finished °*

the first set, the other set was given. Subjects were asked to put their

L -
answers in the space next to each protlem and there wasvé"time limie.

Results and Discussion

Scoring -

The data for each subject in each study consisted of a number (i.e., the

subject's answer) for each of the 88 problems.
eon &
Reliabil;tj of Performance

Since two forms of theé same 44-problem test werc administered to each
—— -

subject, it was possible tc determine the reliability of each subject's per-
e o formance. Fbx\each of the posstble answers to the 44 problems in set A,

4

corresponding answers were generated for set B. For example, if a subject gave
12 as the answer for 2+3+7 in set A, the corresponding answer for,}+3+2 in

set B would also be 12; if a subject gave 7 as the answer for the above prob-
lem in set A, the corresponding answer in set B would be 2. $Similarly, if a
subject gave 2 as the answer for, 2+=+=+= in set A, the corresponding answer for
i+-+-+- in set B 1s 7; if a subject gave 16 for thé’above problem ;n set A, the
corresponding answer for set B is 56. Reljability écoring was condu%ted by
matching each of the 44 pfoblems in set A with its corfesponding problem in set
B; if the answers did not.corrgﬁpond, subjects were given a point.

Thirty-three of the 46 subjects in study 1 displayed six or less (i.e.,

less than 142) non-matching scores between set A and set B. Data for the 13

o 4
<
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subjects who displayed more than six non-matches (i.e., over 1l4% unreliable
answers) w(re not analyzed further. The mean non-matching score for all 46
subjects in study 1 was 523 or 12%; the mean non-matching score for the 33
selected subjects in study 1 pas 2:6 or- €%.

In study 2, one of the 35 subjects gave more than six:non-matching answers
* (Y

between set A and set B. Data for this subject as well as fgz one s¥bject who

failed to follow directions were not included in subsequent analyses. The mean

numbgr of non-matching answers for the 33 selected subjects in study 2 was .8 or
. ¢ ! '
22. - : .

One question that may be raised at this point is whether the experts and

novices differ with respect to the reliability of their performances. The,
proportion of unreliable novices (13.out of 66) was significantly higher than
the proportion of unreliable experts (1 out of 35) as determined by a chi—
square- test, x2 = 7.28, df =.1, p < .0l. Ingaddition, for the 33 selected
asubjects in each study, the novices produeed significantly more unreliable
answers than the egperts.ag’determiped by a t-test, £(64) = 10.59, p < .001.

Thus, as might be expeeted, experts were more consistent in thé-wey they an-

¢
N L

swered problems than were the novices.

2

’ N
All subsequent analyses are based on answers to set'A-for the 33“eubjects

in each group.3

’ *

Performance of Subjects Compared to Performance of Calculators

~

In this section we address the question of which calculator most cloeely
fite the answers given by the subjects. ;1: the 33 eubjects in study 1, 17 owned ¢ ‘\
_ simple Texas Ieftruments (TI) models, thgzs owned Sharp models, one ed a
Rockwell model, one dwned.a Hewlett-Packard HP-21, and eleven either did not

own a calculator or could not remember what kind they owned. ﬁ_//"\\\
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}nce TI, Sharp and Rockwell were the relevant modelsa owned by subjects in
study 1, ansﬁers to each of thé 44 problems in set A were generated using each
of the‘three brands of calculétor. Interestingly, while most of the calcalators
gave 1dept1cal aﬁswers for most problems, there were different answers produced
bj at least two of the calculators_on 20 of the 44 problems. *

A difference score was computed for each subject for each of the three
calculator brands. The.difference score was based on tallying.the number of
time§ that the subject's answer was not identical to the calculator's answer for
the 44 problems in set A. Mean difference scores in study 1 were 8.8 (20%) for,
TI, 20.8 (47%) for Rockwell, aﬁi\la .9 €34%) for Sharp. A one-way analysis

. of variance was conducted on the difference scores with brand of calculator as a
within subjects factor. The ANdVA revealed that the difference scores listed
above were significantly different from one another, F (2,64) = 42.6; p < .001.
) Supplementary Newman-Keuls tests indicated that the score for TI ;as signifi~
cantly better than for Rockwell, but no other differences were significant
(p < .05).
Of the 33 sdbjects in séhdy 2, 23 owned Texas Instruments (TI) models, two
owned Shafp models, three owned Casio models, three owned Hewlett-Packard, and
" two either did‘hﬁk own a calculator or could not remember what kind they owned.
Thu;,'as with novices the most freqpuntly owned calculator was TI. However,
1L of the 33 novices did not own or could not remember which calculator they
owned, while only 2“of the 33 experts fell into this category. According to a

e,
chi-gquare test, this differﬁnce between proportions is significant,

2 = 6.13, df = 1, p < .025.
The mean difference s~ores in study 2 were 90 (20%) for TI, 18.2 (41%)

' (lf:; for Rockwell, and 13.7 (31%) for Sharp. A one-way analysis of variance was
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ccn;Lcted on the %ﬁfference scores with brand of calculator as-a within subjects
factor. The ANOVA‘tevéhled that: the difference scores listcg above were sig- }7
nificantly diiferent from one another, F (2,64) - 23.76,.h < ,001. Supple-
mentary Newman-Kuels tests revealed that the score for TI was significantly
better than for Rockwell or for Sharp, and that the -. ore fct Sharp was signifi- .

cant! better than for Rockwell (p < .05).

Thus, both in study 1 and in study 2, there is evidence that TI's operating

- .
system most closely matches the intuitions of subjécts for the 44 r;§ s in
\‘ i

the test. In comparing experts and novices, there is no evidence of f-"-
ferences in which calculator gives the best fit; t-tests revealed no differences\\§‘v_
between experts and novices with respect to their scores for TI, t 34) < 1, for
Rockwell, t(64) = 1.58, or for Sharp, t(64) = 1:27.

Performance of Subiects By Type of Calculator They Own

The previous section suggested that subjects in our sample generated per-

formance that more close'y matcned the performance of a TI calculator than the
- - -

other calculators we tested. However since the TI is the brand of calculator

were divided into two groups: those who owned a TI zalculator (n = 17) and

that most subjects in our sample owned, th2 above results may be mainly due to

experience with TI calculators. In order to test this 1dca} subjecte in study 1

el L A

those who do not (n = 16).
The mean difference scores for the TI-owners in study 1 were : TI =8.0,
Rockwell = 20.0, and Sharp = 14.1; the mean difference scores for the non-TI

owners were: TI = 9.8, Rockwell = 21.6, Sharp = 15.8. As can be seen, for both

-TI-owners and non TI-owners, the difference scores are least for TI. An ana-

lysis of variance was conducted on the difference score data with group as a

between subjects factor and type of calculator as a within subjects factor.

i’ﬂlr\
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There was 2 significant &*fference between the calculators.in how well they
matched the performance of all subjects, F (2,60) -.51.16, P < .001, but there

.as no group X calculator interaction, F (4,60 < 1. Thus, there was no evidence

.that the non-TI owners were different from TI owners with respect to their

performance being best fit by a TT calculafor. A separate one-way ANOVA was
conducted on the data for the non-owners with type of calculator as a within-
subjects factor. The differences in difference scores were significant, F (2,30)
= 37.57, p < .001; subsequent Newman-Kuels tests showed that the score for the
TI were significantly better than for Sharp or Rockwell, among non~TI owners
(p < .05).

% As an additional analysis, the perfo&mance of each subject was labeled as

TI~-1like, Rockwell-like or Sharp-like, based on which of the three calculators

produced the lowest difference score for thg\§uiject. Of the 33 subjects in

study 1, 29 were classified as TI-like and 4 were better matched with other o

> K

brands. For the TI-owners, 15 were classigied as TI~like and 2 were best fit by

other brands£ for the non-TI owners, 14 were classified as TI-like and 2 were

, best fit by other brands. A Fisher's Exact test revealed that there was no
*

‘evidence of any differences among the two groups (TI owners versus non~-owners)

in the propo;tibn of TI-like . ' s.
The performance of the experts in study 2, like the novices in study 1,
most closely matchesAthe performance of the TI, but this may be due to the fact
that TI is the .ao0st prevelant calculator used ;mong the experts. As in study 1,
this idea was tested by dfiiding the experté into those who owned a TI calcu-

lator (n = 22)~and those whc did not (n = 11). The mean difference scores: for

the TI-own;rs were: TI = 76, Rockwell = 34.4, Sharp = 13.2; the main difference

)
. scores for the non~TI owners were: TI = 11.8, Rockwell = 17.4, Sharp = 14.6. An

[ Y
W
rd
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analysis of variance was conducted on the difference score data wita ownership
group as a between subjects factor and type of calculator as a within sultjects
fac;or. As expected, there was a sign:iicant difference among the calculators
in how well they matched the performance of all subjects, F (2,60) = 19.21,
P < .0l; however, as in study 1, jhere was.ﬁo interaction between group and
calculator, F (4,60) < 1. 'Thus, as in study 1, there was no fvidence that non-
TI owners were different from ©I owners with respect ko their performance being
best fit by a TI calculator.

As an additional analysis, the performance of each subject in study 2 was
labeled as TI-like, Rockwell like, or Sharp-like, based on which of the three
calculators produced the lowest difference scores for each subject. Of the 33 !
subjects, 26 were classified as TI-like énd 7 were better matched by other
brands. For TI-owners, 18 were classified as TI-like and 4 were best fit by
other brands; for the non-TI owners, 8 were classified 3s TI-1like and 3 were
best fit by other brands. A Fisher's Exa‘ct test revealed that there was no
evidence’ of any differences among the two groupg‘(TI OWners versus non-owners)

in the proportion of TI-like subjects.

This section helps clarify the-earlier finding that subjects' performance

is most closely matched by TI's operating system;M“81nce this finding‘seems to

3

be present for both TI-owners and non=-owners it may be attributed to the 'in-
. .

o~

tuitive appeal" of the 1I operating system rather than to users having more
exﬁerienca with TI products. Howe&er, it should be poiifed out that the corr;s-
pondence between the calculator's answers and the subjectsl answers are far from
perfect, even when we choose the best fitting calculator.

Performance of Subjects by Amount of Experience With Calculators

This section explores the issue. of whether‘subjects who differ with respect
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to how much they use a calculator also differ with respect to intuitions about
the operating system underlying “h: calculator. 1In order to address this 1ssue,# !
subjects in study 1 were divided iuto two groups based on their reported weekly
use of calculators: low--less than 10 minutes per week (n = 17), and moderate--
10 or more minutes per week (n = 16).
The mean difference scores for study 1 on each of the three calculators
" brands was TI = 10.2, Rockwell = 22.2, and Sharp = 16.5 for the low experience
group, and TI = 7.4, Rockwell = i9 3, and Sharp = 13,3 for the moderate ex—
perience group. As can be seen;'TI produces the lowest score (i.e., best fit)
for subjects' performance in both groups. An analysis of variance was conducted
on the difference score data with experience (low vs. moderate) as a between
subjects factor and calculator brand as a within subjects factor. As in previous
analyses, :here was a significant overall difference among the caléulators in
", how closely they fit the intuitions of the subjects, F (2,62) = 40, 62 2_< .001,
and there was no interaction between group and calculator, F (2,62) < 1. Thus,
there was no evidence {p study 1 that the superior fit of the TI calculator was
influenced by how much experience a subject had.

As in the previous section, each subject was classified as being either TI-
like, Rockwell-like, or Sharp-like based ;n which‘calculdtbi\groduced the least
number of differences with the subject's actual performance. ﬂ;:;\ihe low
é;%erience group in study 1, 15 asubjects w;re bes; fit by Ti and 2 were best fit
by another calculato?; for the moderate experience group 14 were best ‘it by TI

- and 2 were best fit by another calculator. A Fisher's Exact test showed that
there wére no significant differences between low experience and moderate
experience groups with respect to the proportion of TI-like subjects. Thus,

there is no evidence in this analysis that amount of experience with calculators

influence the subjects' incuitions about the operating systems of calculators.

fRIC K
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In study 2, eight subjects were in the low experience category and 25 in-

dicated moderate experience. Correspohding analyses were conducted on the data )

for the experts in study 2. The mean difference scores for study 2 were: TI =
;%TSy_Rockwell = 18.1, and Sharp = 14.4 for the low eiperience group, and TI = 8.8,
Rockwell = 18.3, and Sharp = 13.5 for the moderate experience group. An ANOVA
revealed the expected overall effect, F (2,52) = 18,92, p < .001; but ther> was
no interaction between experieﬁce group ;gd calculator, F (2,62) < 1, and thus
no evidence that the superior fit of the TI calculator was.influenced by how
much experience a subject had with calculgtors. For the low experience group
in study 2, 6 of the 8 subjects were best fit by TI while for.the moderate
experience group, 21 of the 25 subjects were best fit by TI. A Fisher's Exact
test shows there 1s no significant differencc with respect to the proportion of
TI-like subjects among low and moderate experience subjects in study 2. Thus,
for both experts and novices, thers is no evid;nce that experience with calch-
lat;rs influences the subjects' inctuitions about the operating system of calcu-l

lators.

Inter-Subject Consistency in Performance

The foregoing analyses indicates that subjects' performaﬁce was closest to
that of a TI calculator, and that this pattern was not influenced b& Qhetger
subjects actually owned 2 TI calculator nor whether ;hey had experience with
using a calculator. »However. the-foregoing analyses also made clear that sub~
jects' performance could not be adequaiely described as corresponding to one
particular calculator's performance, since the best fitting calculator pred;cted
only‘fbout 80% of the answers. .In this section, we explore the question of how

similar or different the subjects' inswers were from subject to subject. o

.




¢ . Intuitions About Calculators
16
Table 1 gives a list of the 44 problems in set A as well as the answers
given by subjects in study 1 and study 2. Each answer that was given by any
subject is listed (in parenthesés) along with the number of subjects who gave
that answer in study 1 and in study 2. As can be seen, for each question there
‘is an answer that occurs most often (i.e., the modal answer) and there may be

one or more other answers given by some subjects (i.e., alternative answers).

3

The percentage of subjects' answers that are modal answers, i.e., answers that
corresp;%d to the most common answer for each question is 83% for study 1 and
812 for ;tudy 2. A t-test revealed that the experts and n§vices do not differ
with reépéét to the percentage of modal answers, t(64) < 1.\ Koimogorov-Smirnov's
One-Samékg tests based on.the dat; for both studies togethetxindicated that tbhe
follog}gg problems produce significant (P < .05) number of non-model answers:

- s, fa,{_iis, 17, 19, 21, 23, 24, 25, 27, 28, 29 and 31 through 44. Thus, the

i 3

datfiia Table 1 encourages the conclusion that‘there are substa;kial individual
diféérences among subjects in their intuitions about calculators. In order to -

more closely examine and describe these differences, all subsequent analyses

will involve descriptions of single subjects rather than group data.
¥ . - ?

9 v
) o
Insert Table 1 about here

Analysis of Performance of Individual Subjects on Simple-Problems

The goal of the analysis im this section is to provide a formal dESéription
of the knowledge that each subject has concerning how the calculator solves
simple problems. Thue, for each subje:t, a model was developed which could
generate the subject's answers on simple test problems. This sect!on describes

the data source, the format of the models, how the data for a subject were fit by

a ﬁart}culat model.
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Data Source. This analysis was based on the ;ata for the 33 novices and
the 33 experts who gave consistent answers (i.e., high reliability between the
two corresponding question sets). In order to provide an intensive analysis of
the performance of each subject in the sample, this analysis focused on only the

simple problems. Simple problems are defined as those which contain symbols for

AN
BN

.number and/or plus and/or equals but which do not contain any multiplication
symbols. Eighteen of the 44 problems in set A fit'this description; these are
problems-1 through 10 and 27 through 34 in Table 1. Thus, for each of the 33
novices and 33 experts, the ‘data source was a l;s: of 18 answers for the 18

simple problems.

Development of Modeis. The goal of the present analysis was to. develop

simple production system models that would generate'the performance of each
subject on the 18 simp;e problems. Because of its efficiency and apparent

relevance for the present task, a production system was used to represent the

knowledge of each subject. A production system contains a list of productions

—~ with each production consisting of a condition and a corresponding action.‘

Conditions, acticqs,'and productions for the current problem aré described in
—Eﬁi;fgzétion.

The relevant conditions for the present analysis are related to having
pressed’one of the keys on the calculator keyboard. The key relevant to the
simple problems are the ten numbertkeys (Q, 1, 2, 3, 4, 5, 6, 7, 38, 9), the
addition operation key (+) and the equals key (=). Table 2 shows nine con-
ditions that could exisf; three are not relevant to the simple problems since’
these conditiohs are never found in the problems. The other ®ix conditions
contain én exhaustive lfst of the conditions present in the simple problems. At

1

first blush, it might seem that Table 2 gives many redundant conditions and that

19 :
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a simplier scheme is to deal with only three basic conditions--pressing a
number (#), pressing a plus (+), or pressing an equals (-{14’However, the
performance and comments of subjects suggest that a key press means Something

different to some pecple depending on the immediately preceeding key press.

Insert Table 2 about here

Lad 1
- .

The actions for each prnduction consist of events that take plgce inside
the calculator. Following a syst;m developed to represent the "internal" -
actions in computer languages (Mayer, 1979), eaﬁh of the calculator actions can
be represented as a triplet: some operation is applied to some object at some
location in the calculator. The operations consist of the following:

(1) Create -- A number of 2xpression is placed in the display or
register, e.g., when you press a number key that number’

o appears in the display.

(2) Destroy -- A number or expression is erase&rfréﬁ the display or
register, e.g., when you press the equals key the pre;
vious number in gpe display is erased (and replaced
with a new one). ‘

(3) Evaluation -- An expressioh (from the register) is converted into a
single number, e.g., the evalﬁation of 3+ 2 1s 5.
(For the current example, evaluation of a number or A
number fol{pwed by an operation 19 the number, e.g.,

evaluation of 3 is 3, evaluation of 2 + }s 2).
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The objects~consist of:
(1) Numbers -- A number is any single or multiple digit sequence
such as 2, 14, 156, etc.
(2) oOperation -- An operation is a mathematical syﬁbol forlsome arith-
metic computation such as addition (+), or multiplication
(x). 7
(3 Expressioh - éy expression is a sequence consisting of numbers and
operations such as, 2+ 3or 2 +or 2 + 3 x 4.
The locations consist of:
(1) 1D1§play - The external display in a calculatgf normally consists
of at least eight places, where each place can hold
one digit.
(2) -Register -- An internal register 1s inside the calculator and
E ] coﬁsists of ‘subregisters for individual numbers and
for operations. Expressions are held in the order of
input, with the first numbe; on the left, followed by

the operation, followed by the next number.

~

“Table 3 shows some typical actions that may occur for the simple problems.
It lhcuid be noted that the 12 actions listed in the table actually refer to
groups af ;ingle action;. For example, D = # consists of tw; single actions:
erasing the old number from the display and replacing it with a new number.
Also, it should be noted that the first five actions refer only to the display,

and ¢ no effect on changing the register; the other actions refer only to

the register and have no effect on changing the display.
N -

AN

\\‘

N _Insert Table 3 about here

~

~
~
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SinceATable 2 gives a list of all relevane conditions and Table 3 gives a
list of relevant actions, it 1is now possible to Qescribe any produgtion as one
of the conditions coupled with one of the actions. For example, the production,
P5. If # after + Then D= # and R = R + #
means that when the number key is pressed after the plus key the result is that
the old number in the display is replaced with the new number, anq the old
exprescion in the register is retained but the new number is added to the
' éight. Thus, if the sequence had been 5 + 2 + and now a 3 1is pressed, the
display will contain a 3 (before there was a 2) and the register will contain

the’éqgression 5’+ 2 + 3 (before there was 5 + 2 +).

Fittiﬁg a model to each subject. The foregoing sections described that the

data source for each subject was the 18 answers to the target questions and that
models are based on (alternative) actions associated with each of the six
conditfons. Thug, for the data of each subject the goal is to develop a pro-
duction system which consists of six prbd;ctions. |
The task was made somqwhat'eaaier~by the fact that thgre are gro;ps ;f
subjects who gave 1dent1c§1 aﬂswers f;r the simple problems. Based on their
ansvers to the 18 simple problems, subjects could be grouped in one of six
distinct categories where ’PE!&SE? in eacﬁ of the first five groups produced
identical answers with one another. Group 1 contaired 8 novices and 11 experts,
all of whom gave answers that were identical to answers produced by inexpensive
TI models. Group 2 contained 10 novices and 7 exﬁerts, alllof'whom gave answers
that were identical to Group 1 exc;pt for situations in which a plus key was
-pressed. Group 3 contained 5 novices and 2 exﬁerta, all of whom gave answers

A that were identical to Group 1 except for situations in which a number key was

pressed. Group 4 contained 2 novices Qnd 4 experts, all of whom gave answers

oo
&
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that were similar to those produced by an inexpensive Rockwell model. Group 5
contained one novice and 3 experts, all of whom showed a mixture of acting like
Group 1 and Group 4. Finally, there were 7 novices and 6 experts who gave
\idiosyncratic patterns of answers for the simple problems. Some of the subjects
in this category were very similar to one of the above groups except for, one or
two minor deviations, while others seemed to have highly unique answers. 1In all
cases, however, the answers were internally consistent within subjects as in-
dicated‘by high correspondence between answers in set A and'set B. The answers
fo; each oi the common categories on each of the 18 simple problems are given in
Table 4. : |

Models were gener~ted f;r each of the common categories of answers and for
each subject in the miscellango?s category. The production gystems for each of

)

the five common categories are given in Tables 5 through 9, respectively.

AInserq Tables 5 through 9 about here

Croups 1, 2 and -3 all behave similarly but differ with respect to when an
expression is evaluated and displayed. For example, conside; the sequence of
key strokes: 2 + 3+ 4 =

According to model 1, subjects think that the czlculator evaluates ex~
pressions only when a plus key (+) is pressed after a number or when an equals
key (=) iy pressed. Thus, .in the above example, the number in the display'after
each of the six key strokes will be, 2, 2, 3, 5, 4, 9. The 3 does not get added

i

to the 2 until a plus (or an equals) key is pressed; and the subtotal 5 does not

get added to 4 until an equals' (or plus) key is pressed.
N\
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. According to model 2, subjects think that the calculator evaluates ex-
pressions only when an equals (=) key is pressed. Thus, in the above example,
the numbers in the display after each of the six key strokes will be 2, 2¢ 3{ 3,
4, 9. The entire expression is held ;n the register until an equals key is
pressed. .

-According to model 3, subjects think that the calculator evaluates ex-
preulioﬁs as soon as a number key (#) is pressed. Thus, in the above example,
the numbers in tlie display after each respective key stroke will be: 2, 2, 5, 5,
9, 9. The 3 gets added to the 2 és soon as the 3 1s pressed; the 4 gets added
t; the subtotal 5 as soon as the 4 is pressed. « - -

In summary model 2 involves délayed evaluation (i.e., nofhing gets eval-
uated until an equals is prcssed)awmodel 3 involves immediate evaluation Ei.e.,
expressions are evaluated as soon as possible), and model 1 involves a com-
promise between the two extremes (i.e., expressions are evaluated after a plus
but not after a number kiy is pressed). Another way to describe the differencesu
among the first three groups is to say that group 1 treats a plus key like an,

v

equals, group 2 treats both a number key dnd a plus key like an equals, group 3
treats neither like an’equall. i
The foutrth and fifth hroups differ from the first three groups with respect‘
to how to deal with the plus key. The fourth group behaves ;s if the calculator
has an automatic constant=--evaluation of an expression for a plus or aﬂ equals
involves adding the number in the display to the nrumber in theoregis;er. This
mode of evaluation is called "incrementing display" in the tables. The fifth
grou; gives an "incrementing display" only when two plus keys are pressed in
sequence. Both groups are like group 1 in that they display the evaluated

version ‘of the expression when a plus key or an equals key is pressed but not

3
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vhen a number keyuis pressed. The "igcrementing disglay" charhe;eristic of
group 4, and to some extent group 5, is a more\sofﬁisticated and efficient

N

feature of some calculators such as Rockwell.

Insert Table 10 about here

Table 10 gives a list of alternative actions associated with each of the
first 6 productions. As can be seen, the five common categories reeelted in
three-alternatives for production P2, three for P4, two Eor F5, one for f6, two
for P7, aed three for P8.  In the process of developieg models for the.14 mis-
cellaneous’subjects, several new alternatives were constructed as showq in Teble
10. Although a detailed anflysis of the perféimance of each miecellaneous
suﬁject woeld require undue space, examples are given in this section. For
example, one of the hovices gives .the answers 2, 2, 5, 5; 12, 2, 0, 5, 5;\12; 0,
o, 0, 3, 0, 0, 0, 3 for the 18 problems listed in Table 4, respectively. This
subject seems to evaluate expressions immediately'when a number key is pressed,

’

ébrresponding to subjects in group 3. However, in addition, this subject treats

any irregular sequence of. button presses (such as + after +, or + after =) as a

reset or clearlng of the display and register. The productions which describe
this subject's performance are: P2B, P4B, P5C, P6D, P7B and P8B. As another
example, one of the experts gives tHe answers, 2, 2, 3, 5, 7, 2, 4, 5, 10, 12,
2, 4, 8, 3, 4, 8, 16, 7, for the 18 simple problems, respectively. This per~ -t
formance is similar to model 1 except that the display is incremented for =
after +. The productions are P2A, P4A, P5A, P6A, P7A; P8C. Hodeig were fit to

each of the miscellaneous subjects by taking tﬂe best fitting common model’

(i.e., models 1 through 5) and changing as féw productions as necessary in order

25 -
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The left side of the Table 10°1lists 'the fgequencies\bﬁ\gégh production for
;éifexperts aﬂd novices. Therg ;s a tendency for experts to rely on broductions
;hich,involve 1ncrement1n§?gpe display, i.e., P5B and P8C. For example, these
productions are used 6 times by novi%é;iiad 14 tiges by ixperts. In additio;, N
. there is a tendency for experts; to rely ;% productions which evaluate and dis-~
play for + and = but not for #, i.e., P24, PAA; P7A,; while novices tend to favor
immediate evaluation and display for!#, 1.é¥ﬁ ﬁéB, P4B, P7B. For example, the
former set of productions is used 76 times by experts and 58 times by novices

,

. but the latter-'set is used 13 times by experts and 31 times by novices.
LI :

r's

. ‘ Analysis of Individual Subjects on Multiplication Problems !

The previous section encouraged the idea thét it is poqsible‘to describe

the subject's "model of the calculator" for generating answers to 18 simple
+ problems. These analyses were based on prob&ems containing only six possible‘ p

)
4

conditions. In the present section? we expand our analysis to include 16

additional pfoblems which contain multiplication. These are problems 11 through
~ ‘ )
26 on Table 1. They provide three new conditions: x after # (i.e., pressing

Al

‘:the éulttply key after pressing a number key, such as 2 x, -), # after x (i.e;,
pressing a number key after pressing a mult@ply key, such as 2 x 3) and = after

- x (i.e., pressing an equal key after pressing a multiply ke&, such as 2 x =i.
Also, up to fﬁf?\point we have considered only conditions which include two
events, but this group of ﬁuestions‘also allows us to explore whether subjects
use more than tYP e’ents to determine chains of arithmetic; for example, 1fga
subject evaluated all multiplications before additions; then Z,+ 3 x 7 = would
yiel& an answer of 23 but_1if a subject evaluated chains in order of presentation
then the answer is 35. Phus, this analysis will allow us to add three new

productions to each subject's model developed in the previous;section, and to ' .

O nodify some productions for evaluating chair arithmetic.

.
‘ . R > - . * -
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For each subject, we assume that the six productions established in the
previous analysis stiil are operating for problems 11 through 26. Thus, the
goai of the presoht sectioo is simply to add three new productions (P10, Pll,
P12) to the model »f eacn subjecc. All 16 problems contain the condition x
after {; almost all of the problems contain the condition, = after x; problems
15, 17, and 23 provide the condition = after x; and several problems involve
chain of + and » operations such as problems 24 and 26. . .
Table 10 shows the most common possible actiops associated with each of the
three new conditlons (P10, Pll, P12). explored in this gsection. As with the
analysis of simple problems, one issue concerns when an expression is evaluated.
If an expression is evaluated as soon hsaa-;oltiﬁi;cation operation (x) or an
equals (=) key 1is bres;ed,\analogous to Model“l‘in the previous ahalysis, then
the productions selected ull'be' P10B (no evgluatétfor #) P11A (evaluate for
x), and P12A (evaluate for equals). If an exp%ess%é;~£s-evaluated only when ann
equa%l key is pressed, analogous to the delayed evaluatien in Model 2, then the
' §rodu2tions selected would be: P10B (;o evaluate for #),.PIIB.(no e;aiuatecfor
x), P12A (evaluate for =). If an expression is evaluated &8 soon as a quobgr‘

key is preased, analogous to the immediate evaluation of Model 3, then the N

productions selected would be: P10A (evaluate for #), P11B (no evaluate for x),

P12B (no evaluate for -). Finally, if s\bjecﬁg,used an incrementing d&splay for

evaluating expresuions and numbers as in Model 4 or 5 in the previous sectton,
then the selected productions would be: PlOB (no evaluate for #), P11B (no
evaluate for ;) snd P12C (increment display for =), For purposes of this
‘ analysiu ve will refer to each of these four clusters of three productions as -

uodcl im, Model 2m, Model 3m, and Model 4;3, respectively.

—
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Table 11 showé the answers generated by each of the four multiplication
models (i.e., productfbns P10, P11, and P12). Thirty of the 33 novices and 23
of the 33 experts geneérated performancé on the multiplication problems that was <
consistent with one of the four models; however, specific answers to some

problems gould differ from those listed in Table 11 in cases where different

-

.systems for evaluating éhaina oElarithmetic or different productions for P2

through P8 were in use. The bottom of Table 1l shows the number of novices and

experts who were fit by each of the four models. . .

\ ‘,
&

Insert T;ble 11 about here

~

Model 2m allows for evaluation of a chain of arithmetic. Of the novices, 5
5ubjects‘performed the arithmetic in order from left to right (as indicated in
Table 11), one subject carried out additions before multiplications (e.g., 2 x
3+ 7 = resulted in an answer of 20), one s;ﬁject carfied out multiplications
beture additions (e.g., 2 + 3 x 7 = resulted in an‘?nswer of 23) and one carried
out comﬁhtatfons only on the last two entries in tye register (e.g., 2x3x7=
resulted Ih‘21; or 2 x 3+ 7 = resulted in 10). Of the experts, three out of
five subjects showing model 2m performed chains from left to right, and two of
the five experts perforg;d multiplication before addition in a chain.

There were also three miscellaneous novices and 10 miscellaneous experts.
Of the novices, two subjeetﬁ gave model lm answers for problems that involved
only ﬁunbcrs, nultiplication, and/or eq;als but ﬁodel 2m answers for problems
with numbers, addition, multiplication, and equals. Ome novice gave model 4m-

answers for problems with numbers, multiplication and/or equals but model 3m

answers wvhen problems involved multiplication, addition, numbers and equals.

0o

Co



Intuitions About Calculators

27

Thus, these subjects behaved as if the conditions for actions depended on more
tban just the last two button presses. No additicnal productions were con-
s;ructed to try to fit this performance in Table 1l1. However, for tka2 10 unique
experts, Qev;ral additional productions for P10, P11l gné P12 ;ere constructed
and are listed in Table 10. For example, one subject reset the display to zero
for x after # and to no change for = after x. The productions for that subject
are P10B, PllC, P12A. Another subject ignored the equal sign when it followed °
the mulciplication sign, as indicated by productions P10B, P11B, P12B." Two
other subjects reset the display for = after x giving the productions P10B,
P11B, PléC. fhus, many of the experti tend to add new productions for unusual

button sequences; the effect of most of the new productipns is some sort of

"reseting" the display. The frequency of use of each alternative production for

P10, P11, and P12 for all subjects is summai .zed in the left side of Table 10.
/

Analysis of Individual Subjects on Complex Problems

Finally, the performance of each subject on problems 35 throughvla was
analyzed. These problems coﬁtain many of the conditions already described in
the previous two sections; thus, it was assumed that each sub*® ‘t would use the
twelve productions already determined by analyzing the first 34 problgms in the
test. However, problems 35 through 44 also contain four new conditions: x -after
=, x after x, + after x, and x'after +. Thus, .in this section four new pro-
ductions (P13, P14, P15 and P16) are added to the model of each subject.

Table 10 lists the alternative proauctions for each of the four new con-
ditions explored in this section. Table'lz gives some typical answers by

suojects for problems 35 through 44. ’ -

Insert Table 12 about here
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Group 1 in Table 12 behave as if they were using productions 1§A, 14A, 15A,
and 16A along with delayed evaluation of expressions (based on earlier pro-
3ductioni). These subjects treat x after = and x after x as if there is no
change, and if two consecutive operation keys are pressed (such as x after +)
. they use only the last opgration that was pressed. As shown in the bottom of

+ Table 12, there were ten novices and 15 experts who followed this procedure.

There voée also six more novices and one more expert in’group 13; these subjects
behave as if they use the identical four new productions but they show immediate
evaluation of cxptécsi&ns when the number key is pressed. In addition four
novices (and no expefts in group 2 behave like those in group 1 except that when.
there are two c;nsecufive operations, the multiply "wins", i.e., for 2x+'the

c t;gil:or stores 2x. ThcAptoductions for this group are P13A, P1l4A, P15B, P1l6A.
Similarly, two more novices and one expert in group 2' use the same four éev
productions as group 2 but act as if an expression is evaluated as soon as a
number key is pressed. 1In addition, there were 2 novices and 4 experts in group
3. Th.nq subjects treat the four new productions as if they serve to increment
the display. This procedure is indicated by the combination of P13A, P14B,
P15C, P16C. These are the same subjects who increment the display for similar
condi;ionx such as + after + or + afte. = or = after +.

Thot‘ ware also a large number of unique subjects--nine novices and 12
experts. er, almost all of the subjects are closely related to either model
1 or model 3, with just one production slightly different. For example, one
subioct is| l1ike model 1 except that the display is reset to zero for x after +
or = after|x. The productions for that subject are P13A, P14A, P15D, P16D.

Another subject has the same procedure as subjects in group 2 except that x

after x ronrltl iﬁ the display being multiplied by the register; the productions

Vg
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for this subject are P13A, P14B, P15B, P16A. For a third subject, the display
is incremented }or = after x and x after = and when two consecutive operations ’
are 1nput.thg multiply wins; the productions are, P13C, P14B,-P15B, P16A. The
left portion of Table 10 summarizes the frequencies of each of the alternative

productions for all subjects on P13, Pl4, P15 and P16.

General Conclusions

Characterizing the Differences Among Subjects

The present study suggests that subjects differ with fespeci to their
conceptions of the operation of electronic cqlc;lators.: The foregoing analyses
(summarize& in Table 10) provided for a detailed description of the differences
among subjects, with each subject being described as a list of pfodgctions.
Bowcvcg, the goal of this section is to provide a more integrated description of
the major differences among subjects. Three basic kinds of differences were
- obssrved: (1) How is an expression represented in thé“register? For example, a

series of key ’,(pkls such as 24x3 can be represented as 2 + 3 or 2 x 3 or O or
sovething elle.- (2) When is an expression evaluated? .For example, does the
calculator evaluate at the earli;lt possible opportunity such as 2 + 3 resulting
in a display of 5, does the calculator wafl for an equsls to be pressed before
an evaluation takes place, or does the calculator compromi:e between these two
extremes? (3) How is an expression evaluated? For‘example, a chain of arith-
metic like 2 + 3 x 7 can be evaluated from left to right (answer is 35) or with
multiplication first (answer is 23) or in some other way; furthermore, non-
standard sequences such as 2+= can be evaluated by incrementing the display to &
or’' by ignoring the plus (display is 2) or by reseting the display to 0. In this

section, we explore how thc’iubjccts differ with respect to their cor.ceptions of

. £
how to represent expressions, when to evaluate, and how to evaluate.:

Lo
|




Intuitions About Calculators
30

Standard coﬁditions. First, there are some general differences which

emerge by investigating differences’ for standard conditions such as # after +,‘#
after x, + after #, x after #, = after #. These are sequences that follow the
standardigrammar of arithmetic, and are listed as P2, PlQ, P4, Pll, and P7 in
Table 10. | .

The first issue of how to represent expressions 1; fairly straightforward
for all subjects--symbols are added to the register in order from leff to right. -
_ For example, the keystrokes 2 + 3 x-7 is represented in exactly that way in the
regilger. ‘ -

*+ The second issue is whe; to evaluate the expression. In our analysis we
locaéed three distinct aéproaches';o the ques;ién of when to evaluate. The
comproﬁise metﬁod is to evaluate an exﬁiession whenever an equals key or an
arithmetic operation ﬁéy is ﬁ}essed but not when a number key is pressed; the
1immediate method is to evaluate a; soon as a number key is pressed (e.g., for 3
+ 5 display shows 8); the delayed method is to evaluate only’when an equals @ey
is pressed (e.g., for 3 + 5 the display shows 5). The novices and experts tend
to differ with respecé to their}congénsuston when to evaluate. Of the novices
13 tend to opt for compromise ev;luétion, 13 for delayed evaluation, and 7 for
iomediate evaluation; for experts there is a much stronéer congensus of 24
subjects favoring coﬁpromise evaluation with 7 favoring delayed evaluation dnd 2
favoring inmediate.;_é_shi—square test revealed that novices and experts differ
significantly with respeﬁt to thezbroportion of qujects fdboring compromise
evaluation, x2 = 6.15; df = 1, p < .05. ~ ‘ .

The third issue concerns how to evaluate an expression. In most cases,
subjects overwvhelmingly follow thé normal rules of arithmetic. However, as

noted earlier, when subjects use Eclaycd evaluation they may be confronted with

a chiin of arithmetic such as 2 + 3 x 7. While the majority of subjects eval-

. 3

&>
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uate a chain from left to right (d.e., generaéing an answer of 35), some experts
carry ou£ multiplication befoté addition (i.e., answer is 23), and some novices
use other schemes such as carry out additions before multiplications or carry
out only the last computation (i.e., answer is 21).

Nonrsfandard conditions (equals after operation). In the present study we
also investigated subjects' interpretations of several non-standard conditions,
such as = after + or = after X. Thesé are conditions which violate the grammar
that demands a number between the operation symbol and the equals symbols :Table
10 represented these as P8 aiad Pl2. ~

The'main issue here is how to repreéent and evaluate an expression when;the;
last key press was an operation and now an equals is pressed. For production
P8, the majority of novices (n = 27) and the majority of expérts (n = 25) ignore
the last + key that was pressed. Thus, a sequence like 2+= results in a display
of 2, or a sequence like 2+3+= results in'a display of S.V We call this the "no
effect” approach because subjects act as 1if the plus key had no effect. A
second approach is what we call the "{ncrementing' approach; here subjects
create some mumber to go setween the + and the = such as the number in the
display. for example, the sequence 24+« results in a display of 4 (i.e., it is
treated as 2+2=), or 2+3+= may result in 10 (i.e., it is treated as 5+5=) or'8
({.e., it is treated as 2+3+3s), There were three novices and 6 expert; who
opted for the incrementing approach. A third option is what we call the "reset"
approach. Here subjects reset the display to some number (such as zero) for any
. non-standard sequenc; ofAkey presses. Three novices and two experts used a
version of the reset approach. The comparable figures for production PlZ were
29 noviceo~and 25 ixperts favored the no effect approach while 4 novices and 8

experts favored the incrementing approach. Although the proportion of subjects
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favbring the incrementing approach 1s. twice as high for experts as for novices;
chi-square tests failed to indicate that the proportion of incrementing subjects

T

was greater for experts in P8, x2 =’ §l, df = 1, or P12, x? = .92, df = 1,

Non-standard conditions stwo‘éoﬁ;ecut;ve operations). Another type of non- -
standard coﬁdition investigated in this s;;dy was two consecutive opera;ions
such as + after +, x after x, + aft;f X, or x after +. These are conditions
which violacf th;vgramnacical demand for a number between any two operation
symbols. Table 10 presents these as PS5, P14, P15, P16. '

' " The main issue heFe is how to represent and/or evaluate an expression when
the last key pr;sses are two hrifﬁmetic operators. The three major options
"chosen by our subjects correspond to those discussed above: '"no effect” 1n-:
vclves selecting one of the two operation gigna to berinciuded in the register
and ignoring the other; for example, the most.common version of this approach is
to ignore'cﬁe second operation so that 2++ is represented in the register as .
2+ or 2xx is represented as 2x. ''Incrementing” involves selecting a number to
be 1nserted_between the operator symbols; the most common version of this
approach is to insert the number from the display so that 2++ becomes 2+2+ or
2xx becomes 2x2x. "Resetx involves clearing the display such as setting it to
zero; for example, 24+ results in 0 being displayed. For production P5 the
majority of novices (n = 28) and experts (n = 24) opted for the no effect
approach; i addiciop four novices and nine experts opted for the incrementing
approach; ard one novice and no experts reset the display. The figures for
production Pl4 are similar: 28 ao;ices and 24 experts opted for no eéfectf
incrementing was o;ccd for by 4 novices and 8 experts; and one novice ahd one

expert opted for the reset approach. The patterns for P15 and P16 are similar--*

the majority of each novices and experts opt for no effect but a substantial
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number of experts opt for the incrementing option. In all productions, tﬁe_
proportion of experts who increment is more than twice that of the novié;s.
However, even in the most extreme case, the differences in proportion of "in-
crementers’ between experts and novices fails to reack statistical significance,

x2 = 2,27, df = 1.

Non-standard conditions (operation after equals). Tinally, our fest in-

volved two productions P6 and P13, which involve + after = and x after = re-~
spectively. Tﬁe sFatus of the register after an = key is presged is that it
contains a number. Thus, these non-standard c&nditions are most frequently
treate& in the same way thgt + after # or x afﬁer # is treated. For P6, 30 of
the novi;es and 32 of the experts ﬁse this "no effect" approach of simbly adding
a plus sign to the register. For P13, 28 novices and 27 experts follow the "no
effect"” approgch of adding a multiply sign to the register. However, a sizable
minoriiy of Eﬁ: experts (n = 6) opt for an incrementing approach while a sizabie
ninoritf‘oém;he fiovices opt for a reset option (n = 4). 4 -

Sumnary. The present study provides new i;formation concerning how humans
think about calculato}s. First, we were able to apply the analytic techniques
of cognitive psychology to a real-world domain. This allowed a formal and
detailed description of h&w each subject interpreted what was going on’inside
the "black box" when a key was pressed. Second, in spite of the fact that all
of éur gubjects were profiéient in using a calculator to solve standard compu=
tational problems, we observed tremendous individual differences among users in
their interpretations of the logic of the calculator's operating system. Thus,
in spite of apparent similar performance cﬁ standard problems, people differ

greatly in their knowledge of how the calculator solves problems.
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Experts tended to give more consistent answers, as would be expected;
hovever, they also tended to prefer certain operating characteristics such as
evaluating an expression for either an operation key or an.equal key (compromise
evaluator), and inerementing rhe display during evaluation with non-standerd
eonditione. Further work is needed to determine whether people with certain
sets of intuitions can use their calculators more creatively or can learn a new

computer language (such as programmable calculators or BASIC) more efficiently

than people with qther gets of intuitions.y In addition, future work 13 needed

to determine vwhether intuitions-—once they have been diaguosed-can be altered
through instruction. It {s hoped that the groundwork laid in this study will
serve as an incentive for continued work in the development of a theory of

computer literacy.

I
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Reference Note

1. Suydam, M. N. State of ;he art review on calculators' Their use in
educat ion. Columbus, 0hio° Calculator quoxmation Center, Report No. 3,

1978.
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lrwulvc subjects were from the University of Pittsﬁurgh and 34 subjects were

/ from the University of California, Santa Barbara. JHowvever, since there wete
no systematic differences between thesé gggups in age, sex, GPA, SAT scores, Lo

'/ or answers td the experimental test, they have been combined into one larger .

x

; sample. . .

' ZHh wish to thank Dr. Larry Lichten of the Computer Science Department of

the Univcg-ity of California, Santa Barbara, for his help in locating subjects '

for study 2. & c -

3For each problem in which the subject gave inconsistent answers between

&

set A and set B, the answer to the A set was used unless {E*st inconsistent

vith related items. ) .
4

-

Since the HP-21 uses reverse Polish notation (RPN) it was not used as a

model in this study. S
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‘ Table 1 ) |
' é? Frequencies:of Answers for 44 Problems
Probles | Study 1 ” Study 2 "
Nuaber Problem Modal Answer Alternatives Modal Answer Alternatives )
. 2  (@=m ‘ (2)=33 . N
2 2+ (2)=33 ‘ 2=33. - (0)=1
3 243 (3)=25 (5)=8 : o= (5)=1 |
4 243+ (5)=21 (3)=12 (5)=23 (3)=9;(0)=1
5 . 24347 (7)=26 (12)=6;(15)=1 ‘ MD=32. <. ane1
6 2 (2)=33 | (2)=33 . -
7 24= (2)=29 (4)=3;(0)=1 | .. (2)=27 (4)=6
8 C 243= (5)=33 ) (5)=33
9 24 (5)=30 (10)=3 ’ (5)=26  _  (10)=5;(3)=1; (8)=1
10 24347= - (12)=29 (10)42;(11)-1(15§=1 ) (12)=33
1mn 2x (2)=33 | (2)=32, (0)=1
x =3 o ‘ iz,
12 2x3 < (3)=24 (6)=9 : (3)=33
13 2x3x (6)=24 (3= L@ (=951 .
14 237 (1)=24 (42)=9 (=32 (6)=1 ?
15 2xm T (2)=29 O /7 | - (12)=25 (4)=7;(0)=1

16 2x3m _ (6)=33 , (6)=33
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Table 1 (Con't.)

~
Frequencies of Answers for 44 Problems
4 Probrl € Study 1 - C Study 2
Number Problem Modal Answer Alternatives Modal Answer Alternatives
17 2x3x= (5)=29 (36)=4 (6)=23 (36)=6; (3)=2; (18)=1; (0)=1
18 . 2x3x7T= (42)=31 (21)=1;(7)=1 (42)=32 (41)=1 ;
19 243x (5)=22 * (3)=11 ‘ (5)=18 (3)=13;(0)=1; (6)=1
20 243x7 . (5)=25 (35)=7; (42)=1 (7)=32 (42)=1
21 2xH (6)=24 (3)=9 . (6)=25 (3)=7;(0)=1
22 2x3+7 (7)=26 " (13)=7 (7)=32 (13)=1
23 . 243x= (5)=26 (25)=3; (3)=2; (11)=1; (2)=1 (5)=23 (25)=3; (3)=3; (11)=2;(2)=1; (15)=1
24 2437 (35)=29 " (23)=2;(21)=1; (42)=1 (35)=23 (23)=7; (42)=2; (45)=1
25 2% H= (6)=29 (12)=3; (3)=1 . (6)=26 (12)=5; (3)=1; (18)=1
] _ > s * H
26 2xH 7= (13)=29 (42)=2; (10)=1; (20)=1 (13)=31 (11)=1;(42)=1 §
o
. ~ 5
27 24+ (2)=29 (4)=3; (0)=1 (2)=23 (4)=9; (0)=1 &
. o . - >
28 24at ‘ (2)=27 (4)=4; (0) =2 (2)=25 (4)=8; (0)=1 §'
“ L "
29 4C 24t (2)=26 (8)=3; (0)=2; (4)=1; (6)=1 , (2)=23 (8)=5; (4)=2; (6)=2;(0)=1 O e
° : \ N
30 24mt3 3)=28 5)-5 ! N (3)=32 2)=1 ‘4. £
| . ™ ) (3)=3 () | 4; E
- 31 2= . (2)=27 (40=3; (8)=2; (0)=1 (2)=22 (4)=6; (8)=4; (6)=1 §
' [/}

24etw (2)=28 (8)=2;(4)=1;(6)-1;(0)=1 (2)=24 (8)'5;(4):3;(6)-1




Table 1 (Con't.)

Frequencies of Answers for 44 Problems

* Problea Study 1 Study 2
Number _ -Problem Modal Answer Alternatives Modal Answer Alternatives
k%) 2+'+‘+1 (2)=28 (16)=3; (8)=1;(6)=1 (2)=24 (16)=5;(6)=3;(8)=1
34 " 24et3= (5)=26 (M=4;(3)=3 (4)=26 (7)=6;(3)=1
35 2xx (2)=29 (4)=3; (0)=1 » (2)=23 (4)=9; (0)=1
36 2x=x (2)=28" (4)=4; (0)=1 (2)=24 " (4)=8;(0)=1
37  2xmxex (2)=27 (16)=3; (4)=1; (8)=1; (0)=1 (2)-21 (16)=5; (8)=4 ; (4)=2; (0)=1-
38 2x=x3 (3)=24 (6)=9 (3)=29 (6)=3; (12)=1
39 2= (2)=26 (4)=4; (8)=1;(0)=1; (16)=1 (2)=20 (4y=75 (16)=3; (8)=2; (0y=1
40 2xmx= (2)=27 (16)=3; (0)=1; (4)=1; (8) =1 (2)=22 (16)=5; (8)=3; (4)=2; (0)=1
41+ FS— (2)=27 (256)=3(8)=1; (16)=1;90)=1 (2)=21 (256)=5; (16)=2; (8)=3; (32)=1; (0)=1
42 2xmx 3 (6)=24 (3)=5; (12)=3; (48)=1 (6)=24 (12)=7;(3)=1; (0)=1
43 2x+3= (5)=16 (6)=13; (7)=2; (8)=1; (3)=1 (5)=21 (79=6;(6)=3; (e)=2; (3)=1
44 24x3= (6)=25 (5)=4; (3)=2; (12)=2 6)=24

fix 1
. Note, - Number in parentheses indicates answer; number to right of equals indicates frequency.

<

<_

(12)=6;5)=1;(7)=1;(e)=1

18
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Table 2

Conditibna for Simple Problems

Name Condition Example Description

Pl # after # 2 ‘ 3 Pressing a number key after pressing a nuymber key.Ai
p2* # after + + 3 Pressing a number key after preséing a plus key.

P3 # after = Y a 3 Pressing a‘number key after pressing a equals key.
P4* + after # 2 4+ Pressing a plus key after pressing a number key.

P5* . + after + + + ’ Pressing a plus key after pressing a plus key.

P6* "+ after = |- + ) Pressing a plus key after ?ressing an equals key.
P7*% = after # 3 = Pressing an equals key after pressing a number key.
‘P8*% = after + + = Pressing an equals key after pressing a plus key.

P9 ’ = after = = = ' Pressiné an equals key after pressing an equaia.key.

Note.--Asterisk (*) indicates that production is relevant to simple problems. Pl, P3 and PY are not

relevant since they do not occur in th- simple problems. ’
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. ‘Table 3
v Some Actions for Simple Problems - —
Action Description ]
| D= Q No éhange in the display
D=+¢# Erase the ol& nqmber from the display. Put the new nuﬁber in the display.
D=R Erase the old ﬁumber from tﬁe display. Copy the number from the register into the display.

D = eval(R) Erase the old number from the display. Put the value for the expression in the register into the display. "

D = eval(D+R) Erase the old number from the display. Replace it with the value for the sum of that number from the
) i display and the value in the register.

%= R ﬁo chinge in register.
Rs# Retain the present exprescicn in the register. Place a number to the right of the expression in the register.
R ="R+#"  Retain the present expréssion in thq\register. Place a number to the right of the expression in the register.
R = eval (R) Erase the old number or expression from the register. Replace it with the evaluation of the number or
expression, g
- o , \ o
R = eval (D+) Erase the old number or expression from the register. Replace it with the: sum of the number in the E}
N ' display plus the evaluation of the register. §
R = eval (R)+ Erase the old expression or number from the register. Replace it with the evaluation of that number or §
* ' o expression, and follow that with a plus. 5 -
o E
' m
(g
0
"
1]




by

Intuitions About Calculators
44
Table 4

_Problems and Answers or 18 Simple Items for Four Groups of Subjects

Problem 6roup 1 Group 2 - Group 3 Group 4 Group 5
Number Problem Answer Answver Answer’ Answer " Answer Miscellaneous
1 2 2 2 2 2 2
—~ 7 “ .
2 2+ 2 2 2 2 2
3 243 ‘ 3 3 5 3 ) 3

4 243+ 5 3 5 5 s

C24347 7 7 12 7 7
2= T2 2 2 2 T2
24 2 2 2 4 2 .
. 243s 5 5 5 5 s ‘
2434 5 5 5 T 5 .
10 \\\2+.3+7- S 12 12’ 12 12 } -
27 - 2k 2 2 2 4 4
28 24t 2 2 . 2 4 2
29 Zbmtert 2 2 2 s 2
30 a3 3 3 4 5 3 3 o '
31 244e 2 2 2 T8 4 -
32 2Hete 2 2 2 8 "2
3 2ietate 2 .2 Ty 16 2
34 24midm 5 T s 5 g 5

Number of Subjects- .
Study 1 . 8 10 5 2 1 7

Number of Subjects- f
Study 2 11 7 2 4 3 6,
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\ Table 5 . » .
Production System for Model 1 (Compromise Evaluation) o
Production . ) . . . )
Name Condition . Action - Comments
P2A If # after + then Set D= # Set R = "R + #" ) - ’
P4A ) If + after # then Set D = eval {R) Set R = eval (R) + o "
. P5A If + after + then Set D= D Set R+ =R + (NO CHANQE)
P6A If + after = then Set D = eval (R) Set R = eval (R) I
P7A » If = after # then. Set D = eval (R) Set R = eval (R) . . B}
P8A If = after + then Set D = eval (R) Set R = eval (R) '
. . . i '~ , ‘
Note.--Evaluates after + or =, Diaplay is r.lon—incrementing. . g '
' ¢ g -
B
(a4
. 5 '
. - . , « - 2.
. B .
: y T B
. Pl Q
. i &~ m
. L
. ’ 5
. . . I
-« " g
I - - =
- ~ o
- B L o
- o
- ]
e, ‘ —— [7.]




Production Syste

Production

b — -Condition
P2A If # after +
*  P4B ‘ If + after #
F5A If + after +
) P6A If + after =
n7A If = after #
P8A If = after +

Note.--Evaluates after

1
S

Display

e i e
)

Table 6
for Model 2
| " M o
|
Action )
then et D = #

then \Set D=D
N

then Set D=D

then Set D=D

eval (R)

then Set D

then Set D = eval (R)

is non-incrementing.

(Delayed Evaiuation)

Se. R="R + #"
Set R = eval (R) +

Set R+ =R +

Set R = R +

SetZR = eval (R)

Set R

eval (R)

Comments

(SAME AS MODEL 1)

(SAME AS MODEL 1)

(SAME AS MODEL 1)

(SAME AS MODEL 1)

(SAME AS MODEL 1)

9%

(14

s
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Production
Name {
P2B {
P4B
P5A
P6A
P7B

P8B

Note.-~Evaluate after #.

o0

- If

If

If

If

If

If

Production System .for Model 3 (Immediate Evaluation) :

Condition

¥ after
+ after
+ after
+ after

= after

after

+

#

+

Tabl

then Set

then

then

then

then

then

e 7

Action

Set

Set

Set

Set

Set

Display is non-incrementing.

= eval (R +#) Set

=D | Set
=D Set
=D Set
=D Set
=D Set

eval (R+#)
eval (R) +
R +

R +

n
-1

Comment s &

(SAME AS MODEL 1) -

(SAME AS MODEL 1)
(NO CHANGE)

(NO CHANGE)

LY
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\




Table 8 -

Production System for Model 4 (Incrementing Display)

Ny Production
) Number " Condition . Action ‘ Comments

P2C If # after + then Set D = # Set R = eval (R + #)
P4C 1f + after # then Set D = R Set R = R
P5B If + after + - then Set D = eval (D+R) Set R = eval (D+R) (INCREMENTING DISPLAY)
P6A 1f + after = then Set D = eval (R Set R = eval (R) (SAME AS MODEi 1)
P7A If = after # then Set D = eval (R) Set R = éval (R} (SAME AS MODEL 1)
P8C 1f = after + then Set D = eval (D+R) SEt R = %val (D+R) ‘ A(INCREMENTING DISPLAf;—-’

i
|
i

1

Note.--Evaluate after + or =. Display is incrementing.

aug

f
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Production

P2A
P4A
P58
P6A
P7A

P8A

Tabl

e9

Production System for Model 5 (Partially Incrementing Display)

Set

Set

Set

Set

Condition Action
1f # after + » then
1f + after # then
If + after +- then
If + after = then
If = after # then
If = after + A then

Note.--Compromise between model 1 and model 4.

ol

Set

D=

4

eval (R)
eval (D+R)
eval (R)
eval (R)

eval (R)

Set.

Set

Set

Set

Set

Set

"R + #"
eval (R) +
eval (D+R)
eval (R)
evai (R)

eval (R)

Comments

(SAME AS MODEL 1)

'(SAME AS MODEL 1)

(SAME AS MODEL 4)
(SAME AS MODEL 1)
(SAME AS MODEL 1)

(SAME AS MODEL 1)

6%
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Table 10

Frequencies of Productions for All Subjects

Frequency Frequency ProQuctiOn

in Study 1 in Study 2  Number Condition Action - . ~  Description
21 27 P2A If # after + then Set D = §#, Delayed evaluation and display
. . ) Set R = "R+4" L
7 2 P28 ‘ 1f# after + ~ then Set D = eval (R+#), Immediate evaluation and display

Set R = eval (R+#)
4 4 P2C If # after + then Set D = #, ’ Immediate evaluation and delayed display

; Set R = eval (R+#)

o1 0 P2D 1f # after + then Set ™ = ayal (R+D), Immediate evaluation and display with
Set R = eval (R+D) incrementing evaluation
13 18 P4A If + after ¢# then Set D = eval (R), Immediate evaluation and display

L ' Set R =-eval (R) +

18 . 9 P4B If + af?er # then Set D = p, Immediate evuluaéion and delayed display

]
Set R = aval (R) +

4 4 P4C If + after ¢ then Set D = R, Set Rs=R+ Delayed evaluation and display
0 i‘ 2 . P4D If + after # then Set D = 0, Set R=0 'Reset to zero’
el i
62 S g5
28 24 P5A If + after + then Set D = D, No change
Set R+ = R+
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Table 10 (continued)

~ Frequency Frequency Production

in Study 1 in Study 2 Number Condition Action o Descripticn
4 ’ 9 P5B If + after + then Set D = eval (D4R) Immediate incrementing evaluation and
Set R = eval (D+R) display
1 0 P5C If + after + then Set D = 0, Reset to 0
. - ’ - R - \
. Set R = 0
\ 4 . ]
* 30 32 P6A If + after = then Set D = D, No change in display, add + to
Set R = R+ expression in register
1 0 péB If + after = then Set D = D, , No change in display, immediate
7 Set R = eval (D+R) incrementing evaluation
<
|
1 0 P6C If + after = then Set D = 0, Reset display to 0, add + to \
Set R = R+ ' expression in register )
. [
1 0 P6D- If + after = then Set D = O, : Reset display and register to O, E -
e P
Set R =0 o evaluate sum of constant and valueg;
A in atep1 x ¢
n display e
‘ z
0 1 P6E If + after = then Set D = D, ’ No change in display =3
! Set R = eval (#+D) E
v g
.................................................. =
. P
[a g
w o
6 L] / | 3
2




‘Production

-4

Table 10 (continued)

Frequercy Frequency
in Study 1 in Study 2 Number Condition Action
" 26 N P7A If = after # then Set
‘ Set
6 2 P78 If = after # then Set
Set
1 0 P7C If = after # then Set.
Set
21 23 P8A If = after + then Set
Set
6 2 P8B If = after + then Set
, Set
2 5 P8C If = after + the; Set
Sei,
2 '0 P8D 1f = after + then Set
6 Set
n 1 1 P8E If = after + then Set
\ Set
Q

eval (R),

eval (R)

Descrigt@gn

Immediate evaluation and display
No change

Display value in register

eval (R),
eval (R)
D,

R

‘eval iD+R)

eval (DHR)
eval (R),

0

eval (D+),

R

Immediate'evaluagion and display
No change in display -or register

Immediate incrementing evaluation

£

[}

and &isplay

o

Display the evaluation of the expression

[
in thqq;egistet, reset the ‘ -

3 e

'register to 0 J i
Display the sum of the value in the
display plus a constant, no change

‘in register m
N Ao



Frequency

in Study 1 in Study 2

Frequency

Production

Number

1

25

11

19

19

.

2

27

15

i6

18

P8F

P10B

Table 10

.Londition Action
If = after + then Set
Set

If # after « then Set
Set

1f # after then Set

»®

Set

(continued)

o
]

eval (R*#)

R = eval (R*{#)

Description

No change in display, cet register to O

Immediate evaluation and display

Delayed evaluation and display

Y

N

" P11B

P11C

- e e e Em e e W G e W en M e e = e

If x after # then Set
Set
If x after # then Set
Set
If x afte; # then Set

Set

(other mixed)

If = after x then Set
s

§

Set

D = evel (R),

=
]

eval (R)*
D = D,
R = eval (R)*

D=0,

D = eval (R),

R = eval (R)

Immediate evaluation and display

Immediate evaluation and no change in

display -

Delayed evaluation and reset display to O

- e e an @ e e e M wm wr e wr e e wr e e A% e em e m Em W W av as ws W e
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B

- Frequency

Frequency

Production

. .. in Study 1 in Study 2 Number

7

28

7

27

P12B

Pl2C

P12D

P12E

If =

(other mixed)

P13D

P13E

If x

If x

If x

Condition

after

after

after

after

after

o
after

Table 10

Action

then Set
Set
then Set
Set
then Set
Set
then Set

Set

then Set
then Set
Set
then Set
Set

then Set

Set

D = eval (D*R),
R = eval (D*R)
D = eval (D*R)
R = eval (R)

D = eval (R*p),

R = eval (R)* p

D=0, Set R=0
D = eval (D*R) ,
R = eval (D*R)
D= eval (D*R),
R =R

D = R,

eval (D*R)

Déscrigtion

No change

Immediate incrementing evaluation and

display

Immediate incrementing display, immediate

evaluation for register

Immediate evaluation and display in the

constant increment

Delayed evaluation and display

Reset to 0

Immediate increment ing evaluation and

display

Immediate 1ncrementing display, no change

in register '7
Immediate 1ncrementing evaluation,

delayed display

-

&

k4]
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- mm mm em e em mm m qmm e em e . me e mw S em G S MR ew mm em mm em m e mw G e em e Gm me e mm mw W MR me SR aem e e e e e e

Frequency Frequency Produ~tion
in Study 1 1in Study 2 Number Condition
28 24 P14A If x after
4 8 P14B If x after
| .
{ 1 1 Pl4C If x after
|
0 0 P14D If x after
| 19 25 P15A 1f + after
=t\\\\\\\\
10 iy . P15B If + after
2 4 P15C I1f + after
2 1 P15D If + after
0 1 P15E If + after

Table 10 (continued)

Action

x then Set
Set

x then Set
Set

x then Set
Set

x then Set
Set

x then Set
" set

x then Set
Set

x then Set
Set

X )then Set
Set

x then Set
Set

D,

R*

’eval (D*R)

eval (D*R)*

o,

.D,

R+

D,

R*

eval (D*R),
eval (D*R)
o,

0.

eval (D*R),

eval (D*R)+

Description

Delayed evaluation and display

Imnediate incrementing evaluation and

display

Reset to O

Imnediate incrementing evaluation,

*
no change in display

Set register sign from * to +

No change

Immediate incrementing evaluation and

display

Reset to 0

Immediate incrementing evaluation and

display with register sign to +

119
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Table 10 (Continued) ) :
Frequency Frequency }roduction
in Study 1 in Study 2 Number  Condition Action - ® ’  Description K
28 25 P16A If x after + then Set D = D, Set .egister sign from + to *
i 7 Set R = R%
1 0 P16B If x after + then Set D = D, - No change i
Set R = R+ )
2 4 Pl6C If x after + then Set D = eval (D*R), Immediate incrementing evaluation and
Set R = evai (D*R) display
2 1 P16D If x aiter + then Set D=0, Set R =0 Reset to O
0 3 P16E . If x after + theﬁ Set D = eval (D*R), Immediate incrementing evaluation and
Set R = evi. ‘D*R)* display with register sign set to *

- e mr e e e e ve e AP o Em T ER e e W e A e e e e e R e e e SR e e e e R e e e e R G e e e SR e e e W

~
=}
124
[+
e
(24
e
[}
-]
]
7 g
‘1
[+
(2]
e
[
o}
0 -
[
'd
]
124
[}
(o]
(]

s
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Table 11

Intuitions About Calculators

57

Problems and Answers for 17 Multipliction Items by Four Groups of Subjects

Problem

Number Problem
11 2 x
12 2x3
13 - 2x3x
14 2x3x

<15 2x =
lo 2x 3=
17 2x3x
18 2x3x
19 2+ 3x
20 2+ 3 x
21 2x 3+
22 2x3+
23 2+ 3x

¢ 24 2+3«x
25 2x3+
26 2x3+

Number of Subircts-Study 1

Number of Subjects~Study 2

7=

o

o

Group lm Group 2m Group 3m Group 4m

Answer Answer Answer Answer Miscellaneous
2 2 2 2
3 3 6 3
6 3. 6 6
7 7 42 7
2 2 2 4
6 6 6 6
6 6 6 36
42 42 42 42 i
5 3 5 5
7 7 " 35 7
6 3 6 6
7 7 13 7
5 5 5 25
35 35 35 35 ¢
6 6 6 . 12
13 13 13 13
11 8 7 5 3
15 5 0 3 10




Intuitions About Calculacors

58
Table 12 .
Problems and Answers Eor 10 Complex Items by Five Groups of Subjects
Problem Group 1  Group l; Group 2 Group 2' Group 3
Number  Problem Ansver  Answer  Answer  Answer  Answer Miscellaneous
35 . 2xx 2 2 2 2 {
36 2x=x 2 . —2 2 2 2
37 2x=xa=x 2 2 2 2 16
38 3x=x=3 3 6 3 6 3
39 IJxx= 2 | 2 2 2 16
40 2xaxa= 2 2 2 2, . I6
41 2xsxaxa 2 2 . 2 2 ¥ 256
42 2x=x3= 6 6 6 6 12
43 2x+3a 5 5 6 6 : )
44 2+ x3 = 6 6 6 6 12
, -
Number of Subjects-Study 1 , 10 6 4 2 2 9
Number of Subjects-Study 2 15 1 0 1 4 12
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